INTRODUCTION 1
The intracellular reduction-oxidation (redox) environment is constituted by reactive oxygen 2 species (ROS) and intracellular antioxidants, primarily the thiol-containing tripeptide 3 glutathione (Gly-Cys-Glu). ROS are highly reactive oxygen derivatives produced as 4 byproducts of aerobic respiration in the electron transport chain of the mitochondrial inner 5 membrane (42). Glutathione reacts with ROS to prevent oxidative damage to intracellular 6 molecules (DNA, proteins, and lipids; 16, 60) . Perturbations in the intracellular redox 7 environment are reflected in the relative redox status of the oxidized (GSSG) versus reduced 8 (GSH) forms of glutathione. Thus, cellular redox status is typically assessed by quantifying 9 GSH and GSSG and calculating the half-cell redox potential (E h , expressed in mV) of the 10 GSSG/2GSH couple with the Nernst equation (4, 40, 45) . In this way, intracellular E h values 11 ranging from -165 mV (oxidized) to -258 mV (reduced) have been measured in various cell 12 types and cell states (24, 40) . 13
A correlation between intracellular redox status and cell proliferation versus differentiation 14 has been observed for numerous cell types. Specifically, fibroblasts (20, 35) , intestinal 15 epithelial cells (24, 33) , cardiomyocytes (38), and osteoclasts (53) are relatively reduced when 16 proliferating and relatively oxidized once differentiated. Intracellular redox status also affects 17 cell cycle progression (20, 31, 35, 48) , however, underlying molecular mechanisms remain 18 undefined. The numerous examples of redox modulation of transcription (41, 61), signal 19 transduction (54), biosynthetic pathways (11), and posttranslational modification (37) attest to 20 the potential to which the intracellular redox environment may influence cell cycle progression. 21
Indeed, several redox-sensitive proteins involved in cell cycle progression have been identified, 22 including p53 (9, 15, 56) , 44) , 41) , PKC (7, 13) , and low-molecular-1 weight protein tyrosine phosphatases (10). 2
As a first step towards understanding the link between the intracellular redox environment 3 and cell cycle progression, we examined changes in the intracellular redox environment 4 associated with cell cycle progression in untreated, asynchronously growing Chinese hamster 5 ovary fibroblasts. Identification of redox-sensitive amino acids or redox-sensitive structures 6 within proteins, such as AP-1 (1, 25) or low-molecular-weight protein tyrosine phosphatases 7 (10), may be used to predict cell cycle proteins that provide a regulatory link between the 8 intracellular redox environment and cell division. Accordingly, a subsequent bioinformatic 9 approach, which takes advantage of extensive proteome and protein motif databases, was 10 implemented to exhaustively identify candidate redox-regulated proteins that may provide a 11 mechanistic link between the intracellular redox environment and control of cell cycle 12 progression. 13 eliminate "false positives", i.e. to exclude proteins having an IPR accession number included in 1 the redox motif list but lacking amino acids conferring redox sensitivity. For example, the 2 tumor susceptibility protein 101 (SWISSPROT # Q99816) is assigned IPR000608, which 3 denotes a ubiquitin conjugating enzyme AC motif, however, this protein lacks the catalytic 4 cysteine conferring redox sensitivity. Candidate proteins were categorized according to cell 5 cycle phase as well as function. Literature queries were performed on all candidate proteins to 6 determine whether they had previously been demonstrated to be redox-regulated. 7
RESULTS 1
Intracellular redox environment per cell cycle phase. G 1 , S, and G 2 /M phase CHO cells 2 were identified by DNA content determined by relative fluorescence intensity after staining 3 with the membrane-permeant anthraquinone derivative DRAQ5 , which fluoresces maximally 4 in the red spectrum (Figure 2A) . Dual staining of cells with DRAQ5 and the cell-permeant 5 fluorescent dye monochlorobimane (mBCl, Molecular Probes) allowed analysis of reduced 6 glutathione levels (GSH) per cell cycle phase ( Figure 2B ). GSH-mBCl adduct mean 7 fluorescence intensity (MFI) was significantly greater in cells in G 2 /M phase compared to those 8 in G 1 phase. The GSH-mBCl MFI of cells in S phase did not differ significantly from either G 1 9 or G 2 /M phase cells but was numerically intermediate ( Figure 2B ). Oxidative activity per cell 10 cycle phase was determined by staining CHO cells with the ROS-specific probe H 2 DCFDA. 11
The relative MFI of H 2 DCFDA did not differ between G 1 , S, or G 2 /M phase cells ( Figure 2C ). 12
The ratio of the percent change in MFI of GSH (Fig. 2 D) and ROS (Fig. 2 E) Five proteins (5.4% of total proteins) were reported to function in all cell cycle phases 1 (Table 3D ). These proteins harbored primarily ZnB motifs (3 of the 5 proteins). The proteins 2 were categorized functionally as 40% (2 proteins) transcription, 20% (1 protein) ubiquitination, 3 and 40% (2 proteins) other. The cell cycle phase of activity for the remaining 13.0% (12 4 proteins) of the candidate cell cycle proteins remains unassigned (Table 3E ). This group was 5 predominated by ZnB-containing proteins. The distribution of proteins by functional category 6 was 25.0% (3 proteins) transcription, 8.5% (1 protein) nucleotide metabolism, 25.0% (3 7 proteins) ubiquitination, 8.5% (1 protein) kinase/phosphatase, and 33.0% (4 proteins) other. 8
Additional investigation of the literature revealed 22 proteins that have been shown 9 previously to be redox-regulated or are closely related to proteins demonstrated to be redox-10 regulated ( Table 4) . These proteins are involved primarily in nucleotide metabolism, 11 ubiquitinylation, and (de)phosphorylation. The proteins active in G 1 phase make up 22.72% 12 (5) of the total, while 68.18% (15 proteins) are active in G 2 /M phase, 4.55% (1 protein) in all 13 phases, and 4.55% (1 protein) unassigned. Finally, 70% of these proteins contain an AC motif, 14 although proteins containing FeB, MeB, SS, and ZnB motifs were represented. A majority of 15 the proteins are reported to be functional during G 2 /M phase, with G 1 phase having the second 16 largest distribution (Table 5) . 17
The occurrence of redox-sensitive motifs in numerous cell cycle proteins indicates that 2 redox may play a more central role in the regulation of cell division than is currently 3 recognized. This assertion is reinforced by the observed reduction in the intracellular redox 4 environment that parallels cell cycle progression from G 1 to G 2 /M phase. The oscillation in the 5 intracellular redox environment in cells progressing through the cell cycle may represent a 6 fundamental cell cycle mechanism that contributes to the regulation of cell cycle progression 7 through redox-regulated cell cycle proteins. hypothesis, 64%, 100%, and 76.5% of AC, H, and MeB proteins, respectively, whose motifs 22 are susceptible to oxidation (27, 30, 54) , function during G 2 /M phase ( Table 2 ). The broad 23 distribution of the few SS proteins identified, limits the conclusions that can be drawn from 1 this motif category. However, the distribution of 3 of the SS proteins, one in G 1 phase 2 (interleukin 1 receptor-like 1), one in S phase (ribonucleotide reductase 1), and one in all 3 phases (thioredoxin II), may indicate that the SS proteins identified are less susceptible to 4 oxidation than the AC, H, and MeB proteins. 5
In contrast to the AC, H, and MeB proteins, the oxidant-sensitive zinc-binding (ZnB) 6
proteins were active in all phases (Table 2 ; 58, 61). This apparent contradiction might be 7 explained by the spatial distribution of ZnB proteins within the cell. The majority of ZnB 8 proteins functioning in G 1 and S phases bind DNA, necessitating their nuclear localization. 9
Cellular compartmentalization contributes to the regulation of transcription (nucleus), protein 10 folding (endoplasmic reticulum), and energy production (mitochondria) by providing 11 biochemically distinct microenvironments.
These organelles have dissimilar redox 12 environments compared to the cytosol (6, 21, 40, 47) . Relevant to the current study, the 13 nucleus is more reduced than the cytosol, with GSH concentrations of up to 15 mM compared 14 to 11 mM in the cytosol (6, 40, 50). The nuclear GSH pool is also more resistant to oxidation 15 than the cytosolic pool in rat hepatocytes cells and cultured human melanomas treated with 16 buthionine sulfoximine (6, 22) . Moreover, the reducing potential of the nucleus is reinforced 17 by the vicinal dithiol-containing protein thioredoxin-1 (Trx1) that shuttles reducing equivalents 18 to nuclear transcription factors via Ref-1 (59). As well, nucleus-specific Trx1 is more reduced 19 (by -20 mV) than its cytosolic counterpart providing additional evidence of a reducing nuclear 20 microenvironment (57). 21
A reduced nucleus appears to be essential for transcriptional regulation, as cysteine 22 residues critical for protein structure or found within DNA binding domains generally must be 23 reduced to promote transcription in the transcription factors p53, AP-1, Myb, and Sp-1 (1, 14, 1 15, 41, 61). In addition to promoting the repair of oxidative damage to DNA (47), a reduced 2 nucleus may also shield genomic DNA from oxidation. In the same way, nuclear localization 3 may protect oxidant-sensitive proteins from oxidation, possibly explaining the equal 4 distribution of ZnB proteins between G 1 and G 2 /M phases (Table 2) from oxidation) and in so doing, removes restrictions on oxidant-sensitive protein function. In 5 this way, nuclear-cytoplasmic shuttling of redox-sensitive proteins might regulate the function of 6 oxidant-sensitive proteins during G 1 phase. Once cells reach G 2 /M phase, this mechanism is 7 dismantled with the disruption of the nuclear-cytoplasmic redox gradient prior to nuclear 8 envelope breakdown. 9 
